The workload and stress associated with a 40-min vigilance task were examined under conditions wherein observers monitored an auditory or a visual display for changes in signal duration. Global workload scores fell in the midrange of the NASA Task Load Index, with scores on the Frustration subscale increasing linearly over time. These effects were unrelated to the sensory modality of signals. However, sensory modality was a significant moderator variable for stress. Observers became more stressed over time as indexed by responses to the Dundee Stress State Questionnaire, with evidence of recovery in the auditory but not the visual condition toward the end of the watch. This result and the finding that signal detection accuracy -although equated for difficulty under alerted conditions -favored the auditory mode, indicate that display modality and time on task should be considered carefully in the design of operations requiring sustained attention in order to enhance performance and reduce stress. Actual or potential applications of this research include domains in which monitoring is a crucial part, such as baggage screening, security operations, medical monitoring, and power plant operations.
INTRODUCTION
The expanded use of automation has altered the role of operators in many work settings from that of active controllers to executive monitors who must stay attentive to displays and take action only in the event of imminent problems (Sheridan, 1987) . Substantial evidence shows that the need to sustain attention or to remain vigilant imposes a high workload on operators, who also find tasks requiring such attention highly stressful (Warm, 1993) . The workload and stress of monitoring tasks are of special concern for human factors specialists, given the negative impact these effects have on worker health and productivity (Nickerson, 1992) .
The NASA Task Load Index (NASA-TLX; Hart & Staveland, 1988) has been the principal vehicle for assessing the workload of sustained attention. It is a multidimensional instrument that provides a reliable index of global workload and also identifies the relative contributions of six sources of workload. Three of those sources reflect the demands that tasks place upon operators (mental, physical, and temporal demand), whereas the remainder characterize the interaction between the operator and the task (performance, effort, and frustration). Global workload scores in vigilance typically fall in the middle to upper range of the scale, with Mental Demand and Frustration scales reflecting the principal workload components (Warm, Dember, & Hancock, 1996) . Moreover, Dember et al. (1993) have demonstrated that the decline in performance efficiency typical of vigilance tasks -the vigilance decrement (see Davies & Parasuraman, 1982) -is accompanied by a linear rise in global workload over the course of the watch.
Although the NASA-TLX is a convenient and reliable instrument for measuring mental workload, it is essentially a subjective scale (Warm et al., 1996) , and there is always some question as to whether any form of self-report accurately reflects respondents' "true" perceptual experiences (Natsoulas, 1967) . In order to establish the validity of ratings of perceived workload in vigilance experiments, Warm and his associates (e.g., Becker, Warm, Dember, & Hancock, 1995; Hitchcock, Dember, Warm, Moroney, & See, 1999; Warm et al., 1996) sought to bring such workload ratings under experimental control by demonstrating that factors that degrade vigilance performance increase workload ratings, whereas factors that enhance performance diminish perceived workload. In addition to time on task, several stimulus factors that serve to degrade vigilance performance have also been found to elevate the workload of vigilance tasks. These include decreases in signal salience and increases in event rate, spatial uncertainty, and display complexity. In addition, factors that elevate signal detection, such as knowledge of results and forewarning about the imminent arrival of critical signals, reduce the workload associated with vigilance tasks.
To date, research on the workload of sustained attention has been conducted exclusively with visual tasks. However, monitoring tasks are also performed in the auditory modality, and the sensory modality of signals is not a matter of indifference where vigilance is concerned. The speed and accuracy of signal detections is greater for auditory than for visual signals, and the vigilance decrement is less pronounced for auditory than for visual tasks (Davies & Parasuraman, 1982; Warm & Jerison, 1984) . Hatfield and Loeb (1968) have shown that these sensory effects arise from differential "coupling" inherent in the auditory and visual modalities. Auditory tasks are "closely coupled" because monitors in those tasks are usually linked to a source of stimulation, either through headphones or through an enveloping sound field. Hence the monitor's physical orientation does not affect his or her receptiveness to stimuli. By contrast, monitors in visual tasks are "loosely coupled" because they are typically free to make head and eye movements, which can be incompatible with carefully observing the display; thus their physical orientation is crucial in determining their receptiveness to the stimuli to be monitored. To overcome coupling disparity, observers of visual displays, as compared with auditory displays, must maintain a relatively fixed posture that can lead to discomfort and restlessness as well as to eyestrain and tension (Galinsky, Rosa, Warm, & Dember, 1993) . Efforts to work under such aversive conditions while continually observing displays for critical signals may result in an elevated level of workload for visual monitoring as compared with auditory monitoring. Accordingly, the sensory modality of signals could be an additional component to the compendium of factors responsible for the workload of sustained attention. One goal for the present study was to explore that possibility.
The stressful nature of vigilance tasks is revealed by observers' consistent reports that they feel less attentive and more bored, strained, irritated, and fatigued at the end of a vigil than prior to its start (Warm, 1993) . Such reports, however, are based on instruments that tap only unidimensional aspects of stress state (e.g., fatigue, boredom), and such an approach does not adequately describe how different environmental stressors can induce differential patterns of cognitive and affective response (Hockey, 1984) . Moreover, Matthews (2001) has argued that these patterns reflect the qualitatively different person-environment interactions that may occur in demanding task situations, which are supported by the different coping mechanisms that individuals use to adapt to environmental demands. In short, unidimensional measures of stress state fail to capture the multidimensional nature of the stress construct.
Recently, Matthews et al. (1999) developed the Dundee Stress State Questionnaire (DSSQ) for assessing transient states associated with mood, arousal, and fatigue. The DSSQ was designed explicitly to reflect the multidimensional nature of stress, expressed through affective, motivational, and cognitive change. This instrument consists of 77 items that yield 10 factor-analytically determined scales: Energetic Arousal (alertness-sluggishness), Tense Arousal (nervousness-relaxation), Hedonic Tone (general feelings of happiness-cheerfulness), Intrinsic Task Motivation, Self-Focused Attention (selfreflection), Self-Esteem, Concentration, Confidence and Control, Task-Relevant Cognitive Interference (worry about task performance), and Task-Irrelevant Cognitive Interference (worry about personal concerns). Validity studies have shown that the DSSQ scales are differentially sensitive to environmental stress factors and show different patterns of correlation with objective performance indices Matthews, Warm, Dember, Mizoguchi, & Smith, 2001; .
These scales were subjected to another, second-order factor analysis, yielding three secondary factors: task engagement, distress, and worry . Task engagement, defined primarily by the Energy, Motivation, and Concentration scales, contrasts enthusiasm and interest with fatigue and apathy. The Tense Arousal, Hedonic Tone, and Confidence and Control scales define the distress factor, and the worry factor is defined by the Self-Focused Attention, Self-Esteem, and Concentration scales and both cognitive interference scales. Hence, stress states may be conceptualized either as 10 relatively narrowly defined scales (the approach taken in this article) or as three broader syndromes that interlink several discrete stress responses.
Several studies have employed the DSSQ to assess the stress of sustained attention. In the initial investigation, Matthews et al. (1999) reported that participation in vigilance tasks led to decreases in energetic arousal, concentration, and motivation, indicating a loss of task engagement. Hedonic tone and confidence also decreased in that study, indicating an increase in distress. These findings have been replicated in other vigilance experiments (Grier et al., 2004; Helton, Dember, Warm, & Matthews, 1999; Matthews et al., 2001; Parsons et al., 2000; Temple et al., 2000) and generalize to real-world tasks requiring sustained attention, such as prolonged simulated automobile driving (Matthews & Desmond, 2002) .
Given its success in revealing the multidimensional nature of subjective stress in vigilance, the DSSQ was the instrument of choice in the present effort to explore the factors that control stress responses to sustained performance. It is likely that the stress of sustained attention arises, in part, from the need to make continuous signal/nonsignal decisions under conditions of great uncertainty and with little opportunity for situational control. Such a view is consistent with the account by Warm et al. (1996) of the origins of the workload of sustained attention. In addition, Hancock (1998) and Scerbo (1998) have suggested that the aversiveness of the task is exacerbated by the imposition of vigilance tasks upon monitors by an external authoritative agency (the experimenter in laboratory studies, management in operational settings) under conditions in which monitors feel obliged not to quit.
An account of the genesis of stress in sustained attention along these lines is global in character, however, and does little to pinpoint the specific elements of the vigilance task itself that may affect monitors' stress reactions. One task dimension that has been found to influence the subjective stress of vigilance is the sensory modality of signals. Thus Galinsky et al. (1993) found that observers engaged in a visual sustained attention task reported a greater level of stress than did those monitoring an auditory display. They suggested that the modality difference might arise because, in comparison with observers in the visual task, those in the auditory task were presumably free from the negative effects of postural constraint, tension, and eyestrain, factors discussed earlier in regard to modality differences in perceived workload.
It is worth noting, however, that the subjective stress effects described in the Galinsky et al. (1993) study were limited to self-reports of fatigue, and no attempt was made to examine whether modality-based effects extend to other dimensions of subjective stress. It may be that the modality effects on stress depend on the specific dimension of stress state that is measured, with differences emerging for some facets but not others. Accordingly, together with assessing the effects of the sensory modality of signals on perceived mental workload, the present study also sought to determine the multidimensionality of sensory-determined stress in sustained attention by means of the DSSQ. Finally, the present study was also designed to examine the manner in which self-reports of stress might change over time. To date, temporal changes in self-reported stress in vigilance have been entirely neglected. Given that time is a key element in vigilance performance, a complete understanding of the nature of self-reports of stress in vigilance requires information on their temporal course. As in the case of sensory modality, it may be that the effect of task duration on performance varies across the dimensions of stress state. For instance, over the course of a watch-keeping session, changes in scales associated with task engagement may progress at rates different from those of changes in scales associated with distress or worry.
METHOD

Participants
The participants, 256 undergraduates at the University of Cincinnati (128 men and 128 women), served in order to fulfill a course requirement. They ranged in age from 18 to 39 years, with a mean of 20.3 years. All observers had normal or corrected-to-normal vision and were free of known hearing impairments.
Experimental Design
Two sensory modalities (auditory and visual) were combined factorially with four vigil durations (10, 20, 30, or 40 min) . Thirty-two observers were assigned at random to each of eight independent groups resulting from the combinations of sensory modality and vigil duration, with the restriction that the experimental conditions were equated for sex.
Apparatus and Measurement: Performance
In order to assess the effects of audio versus visual channels per se on vigilance performance, workload, and stress, it was necessary to utilize a dimension for discrimination that is common to the two modalities. Temporal discrimination was chosen for that purpose because audiovisual correlations in the discrimination of temporal intervals are substantial (r = .90; Loeb, Behar, & Warm, 1966) , and skill in making precise temporal judgments acquired through training in one modality readily transfers to the other (Warm, Stutz, & Vassolo, 1975) .
Observers monitoring the visual display viewed the repetitive presentation of a horizontally oriented 2 x 9 mm white bar that appeared against a gray background on a video display terminal (VDT). The transluminance of the bar was 37.8 cd/r 2 (as measured by a SpectraModel UBD 10 Spot Meter), and that of the gray background was 3.49 cd/m 2 . Neutral events (those requiring no overt response from the observer) were flashes lasting 247.5 ms. Observers monitoring the auditory display listened to 247.5-ms bursts of white noise presented binaurally via Grayson-Stadler TDH-39 headphones. In order to control for the effects of wearing headphones, observers in the visual conditions also wore them for the duration of the vigil.
For each participant, the apparent loudness of the noise was matched to the apparent brightness of the visual stimulus by means of a crossmodality matching procedure (Gescheider, 1997) . In the visual case, critical signals for detection were brief (125-ms) flashes of the light bar. In the auditory case, critical signals were brief (200-ms) noise bursts. The disparity in the duration changes used to specify auditory and visual critical signals was necessary to compensate for the fact that temporal discrimination is more acute in the auditory mode (Dember & Warm, 1979) . The values used for neutral events and critical signals in this study are identical to those used by Galinsky et al. (1993) and were verified as to their equal discriminability under alerted conditions by pilot work preceding this study. In the pilot work, a sample of 20 observers discriminated critical from neutral events over 20 trials using a two-alternative temporal forcedchoice procedure.
In both modalities, stimuli were presented at a rate of 40/min by setting stimulus onset asynchrony at 1.5 s. Ten critical signals occurred within each 10-min period of watch (signal probability = .025). Observers responded to critical signals by pressing a key on a response pad attached to an Apple Power Mac computer keyboard. The computer orchestrated stimulus presentations and recorded observers' responses. Responses occurring within 1.5 s after the onset of a critical signal were recorded automatically as correct detections. All other responses were recorded as errors of commission or false alarms. Participants were tested individually in a 2.0 x 1.9 x 1.9 m Industrial Acoustics Sound Chamber. They were seated in front of the VDT, which was positioned at eye level approximately 35 cm from the observer. Ambient illumination in the chamber was 0.26 cd/M 2 and was provided by a 25-W bulb housed in a parabolic reflector located behind and to the right of the observer. The bulb served to diffuse the light
evenly, minimizing glare on the VDT. Fresh air was supplied by a fan mounted in the chamber wall above and behind the observer.
Apparatus and Measurement: Perceived Workload and Stress
Perceived mental workload was measured by a computerized version of the NASA-TLX administered immediately after the vigilance session. The standard version of the NASA-TLX was used, in which participants first provided ratings on each of the six subscales and then 'engaged in a paired-comparison procedure to determine the relative contributions of the subscales to the global workload score. Perceived stress was measured using the DSSQ administered in two parts: a previgil questionnaire, completed prior to the initiation of the vigil, and a postvigil questionnaire, completed after the vigil. To avoid possible testing bias, half the observers in each sensory modalityvigil duration group (determined at random and equated for sex) were administered the NASA-TLX, and the remaining half completed the DSSQ.
Procedure
Upon entering the laboratory, each participant was seated in the testing chamber, and the cross-modality matching procedure was administered. The experimenter then read the instructions for the sustained attention task, and these were also presented simultaneously on the VDT. Following the instructions, half the participants completed the previgil version of the DSSQ and then engaged in a 5-min practice session with the sensory modality they would later encounter in the main portion of the session. The remaining participants proceeded directly to the practice session after reading the instructions. All participants were required to detect a minimum of 80% of the critical signals and to commit no more than 10% false alarms during practice. Observers failing to pass these criteria were provided a second 5-min practice session. The study included data from only those participants who passed the criteria on either the first or second practice session; 13 participants (5% of the total sample) could not meet the performance criteria and had to be replaced.
The mean percentage of correct detections at the end of practice was 95% for observers in each sensory modality. The main vigil commenced immediately after participants completed the qualifying practice period. Observers surrendered their wristwatches, pagers, and cell phones upon entering the laboratory and had no prior knowledge of the length of the vigil, other than that the entire session would not exceed 75 min.
RESULTS
Performance
Signal detections. Mean percentages of correct detections in the auditory and visual tasks are plotted as a function of periods of watch in Figure 1 . In this analysis, and all subsequent analyses, the data for the 20-min, 30-min, and 40-min groups are based only on the final 10 min of the vigil and on independent groups of participants.
It can be seen in Figure 1 that overall detection probability was greater in the auditory (M = 89.9%) than in the visual condition (M= 70.6%) , that detection probability generally declined over time, and that the vigilance decrement tended to be greater for visual as compared with auditory signals. These impressions were mostly confirmed by a 2 (modality) x 4 (time) betweengroups analysis of variance (ANOVA), based on an arcsine transformation of the detection scores, which revealed significant main effects for modality, F(1, 248) = 60.24, p < .001, and time on watch, F(3, 248) = 14.94, p < .001. The interaction between these factors, however, was not significant (p > .05).
False alarms. False alarm rates in this study were low. The mean percentage of false alarms across all conditions was 1.1%, with five of the eight conditions having a mean false alarm rate below 1%. A 2 (modality) x 4 (time) betweengroups ANOVA, based on an arcsine transformation of the false alarm scores, revealed no significant effects for modality, time, or their interaction (p > .05 in each case).
Workload
Global workload. Mean global workload scores on the NASA-TLX for the auditory and visual tasks are plotted in Figure 2 as a function of periods of watch. It can be seen in the figure that the global workload scores for both the auditory and the visual tasks were similar and substantial; the scores for both tasks fell within the midrange of the scale and were considerably higher than those for a 5-min card-sorting task, based on an additional 32 observers (16 male and 16 female undergraduates from the University of Cincinnati) carried out for comparison purposes. Observers sorted for suit at a rate of one card/s while timed by a computerized metronome. A 2 (modality) x 4 (time) betweengroups ANOVA revealed no significant modality or time effects and no significant interaction between these factors in the global workload scores of the two vigilance tasks (p > .05 in each case). The finding that the vigilance-based workload scores in this study exceeded those of the card-sort task indicates that the NASA-TLX was sensitive to the workload imposed by the vigilance task. This in turn suggests that the lack of significant effects of modality and time in global workload scores does not reflect a general insensitivity of the NASA-TLX to the demands of the vigilance task. Weighted workload ratings. In addition to global workload scores, mean weighted ratings on the subscales of the NASA-TLX were also determined in all experimental conditions. The Mental Demand (M = 165.4) and Frustration (M= 177.7) subscales contributed most to workload, and Physical Demand (M = 20.6) contributed least. The mean weighted workload ratings for the Temporal Demand, Performance, and Effort subscales were 118.2, 90.1, and 117.9, respectively.
The weighted ratings data were subjected to a 4 (periods) x 2 (modality) x 5 (subscales) mixed-ANOVA with repeated measures on the last factor. Because of the paired-comparison procedure used in determining the dimensional weightings, the Physical Demand subscale was dropped from the ANOVA in order to meet the independence assumption of the statistical procedure. In this analysis, and all other analyses in this study involving repeated measures, Box's epsilon was used in computing degrees of free- dom to correct for violations of the sphericity assumption (Maxwell & Delaney, 2004 Figure 3 . A least-squares procedure was used to determine the line of best fit to the data. It can be seen in the figure that observers' weighted Frustration ratings increased at the rate of 35.9 units per 10-min period of watch.
Stress
Standard scores. All pre-and postvigil comparisons on the DSSQ were made in terms of standard scores (z scores) using the formula Coarse-grained analysis. Stress data from the DSSQ were analyzed at two levels: A coarsegrained analysis deternined if the outcome of the present study generally conforned to previous vigilance findings with the DSSQ by comparing pre-and posttask states without analyzing time and modality effects. A finegrained analysis examined the multidimensional effects of the sensory modality of signals and periods of watch on the stress of sustained attention within the posttask data. The twolevel approach was necessary because the finegrained temporal analysis used in the present study could potentially mask earlier findings based on a more gross analysis. Specifically, a given DSSQ scale might show a change early in the vigil but then remain constant over the watch. Such a result would emerge as a null effect on the basis of a fine-grained temporal analysis but as a meaningful effect if, as in prior studies, comparisons were made only on an
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Mean previgil and postvigil standard scores collapsed across modalities and time periods are presented for the 10 scales of the DSSQ in Figure 4 . It can be seen in Figure 4 that relative to their previgil reports, observers' postvigil scores revealed that they felt less energized, motivated, able to concentrate, happy, confident, and self-focused after the vigil than prior to its start. They also felt greater self-esteem postvigil. A 2 (phase) x 10 (scales) within-groups ANOVA revealed significant main effects for phase, F(1, 127) = 128.01, p < .001, and scales, F(5, 611) = 20.52, p < .001, and a significant Phase x Scales interaction, F(6, 709) = 37.87, p < .001. The nature of the interaction was probed by assessing the statistical significance of the phase differences on each scale by means of t tests, using an alpha level of .05 and the Bonferroni correction. All of the changes on the scales just noted reached significance; changes on the remaining scales were not significant. In terms of the secondary factors of the DSSQ, par-
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TA HT C&C * S-Focus S-Esteem CI-TR Cl-TI ticipants tended to feel more distressed (declines in the Hedonic Tone and Control and Confidence scales) and less task engaged (declines in the Energetic Arousal, Motivation, and Concentration scales) at the end of the vigil than before its start. For the most part, the coarse-grained examination of the DSSQ scores indicated that the vigilance task was stressful.
Fine-grained analysis. Prior to examining the effects of stimulus modality and time on task on the stress of sustained attention, it was necessary to demonstrate that observers in the modality and time conditions were similar to each other before the initiation of the vigil. Toward that end, mean previgil standard scores for observers who would later experience one of the two sensory modalities at one of the four task durations were examined by means of a 2 (modality) x 4 (duration) x 10 (DSSQ scales) mixed ANOVA, which showed no significant effects for modality or time, no significant interaction between these factors, and no higher-order interaction between these factors and the DSSQ scales (p > .05). Thus the requirement of previgil similarity in all combinations of sensory modality and task duration was clearly met.
Postvigil standard scores are presented in Figure 5 . For each DSSQ scale, the scores for the two sensory modalities are plotted as a function of time on task. A 2 (modality) x 4 (time) x 10 (scales) mixed ANOVA for the postvigil data revealed a significant main effect for scales, F(5, 604) = 42.46, p < .001. Although there were no significant overall effects for sensory modality or time on task (p > .05 in each case), there was a significant two-way interaction between scales and time, F(15, 604) = 2.64, p < .01, and a significant three-way interaction among scales, time, and modality, F(15, 604) = 2.l1, p < .01.
In order to explore the three-way interaction more fully, we performed separate Time x Modality between-groups ANOVAs on the data for each DSSQ scale. No significant main effects or interactions were observed with regard to the Energetic Arousal, Concentration, SelfFocused Attention, or Self-Esteem scales (p > .05 in each case). In the case of the Confidence and Control scale, the only significant effect was for time on task, F(3, 120) = 2.77, p < .05. As can be seen in Figure 5 , observers' feelings of confidence and control declined over the course of the watch. In the case of the Motivation and Hedonic Tone scales, the only significant effect was for sensory modality, F(1, 120) > 4.40, p < .05 in each case. Figure 5 reveals that observers in the visual condition reported themselves as feeling less motivated (M = -1.27) and less happy (M = -0.97) postvigil than did those in the auditory condition (M = -0.74 and -0.65, respectively).
In the case of the Tense Arousal, Task-Related Cognitive Interference, and Task-Irrelevant Cognitive Interference scales, the scores increased significantly over time, F(3, 120) > 3.59, p < .05 in each case, and the temporal change was modified significantly by the sensory modality of signals, FTimex Mmdality( in each case. Inspection of Figure 5 reveals a similar pattern of changes over time with regard to the Tense Arousal scale and both types of cognitive interference. For these scales, the scores for the visual task increased monotonically over the course of the watch, whereas those for the auditory task followed an inverted-U function, first increasing and then returning to their initial level by the end of the watch.
In sum, the postvigil data reveal that both the sensory channel used for stimulus delivery and the work-time microstructure have a significant impact on the stress of sustained attention and that these effects are multidimensional in nature. Some elements of the DSSQ were not influenced by these factors in the fine-grained analysis. For other scales, only time or modality had a significant effect on feelings of taskinduced stress, whereas for still other scales, signal modality was a moderator variable for the negative influence of time on watch. Note that for some scales (the Energetic Arousal, Motivation, Concentration, Hedonic Tone, SelfFocused Attention, and Self-Esteem scales), the previgil-postvigil changes observed at the coarsegrained level of analysis were not reflected in the temporal microstructure of the fine-grained analysis. Hence, for these scales, the effect of time on task occurred early in the watch and remained constant thereafter.,
DISCUSSION
The purpose of this study was to explore the effects of the sensory modality of signals and vigil duration on performance efficiency in a sustained attention task and on the dimensions of perceived mental workload and subjective stress that accompany vigilance performance. Essentially, the study was an effort to fill in gaps in the tapestry of research on these dimensions of sustained attention. Both modality and time have been studied extensively with regard to performance efficiency. Hlowever, whereas temporal factors have been examined with regard to workload, sensory effects have been ignored, and whereas sensory effects have been examined in regard to subjective stress, the possibility of systematic change over time has been ignored. In general, the results of this experiment provide additional support for the view that vigilance tasks present a major challenge to observers (Davies & Parasuraman, 1982; Parasuraman, Warm, & Dember, 1987; Warm et al., 1996) , a challenge that is reflected in the complex roles that sensory and temporal factors play in performance efficiency, workload, and stress. -2
Performance and Workload
Consistent with prior vigilance studies, performance efficiency declined over the course of the watch and favored the auditory modality (Davies & Parasuraman, 1982; Warm & Jerison, 1984) . These effects occurred even though the tasks were carefully equated for discrimination difficulty. Therefore these effects are likely to be rooted in factors other than differential discrimination per se, such as the postural constraint, discomfort, and restlessness that arise from observers' efforts to compensate for the loosely coupled nature of visual vigilance tasks (Galinsky et al., 1993; Hatfield & Loeb, 1968) and the eyestrain and tension that have been found to be associated with the use of VDTs (Galinsky et al.) .
To be sure, it was the possibility that observers in the visual condition would have to work through the combination of those physical symptoms that led to the expectation that perceived mental workload would be elevated for visual as compared with auditory monitoring. That expectation, however, was not confirmed. As in previous vigilance studies (Warm et al., 1996) , the overall scores on the NASA-TLX were substantial, but workload was unrelated to the sensory modality of signals. The absence of modality effects in the global workload scores represents a dissociation between workload and performance that is at variance with several prior experiments in which performance changes associated with psychophysical manipulations were closely mirrored by variations in perceived workload (Becker et al., 1995; Hitchcock et al., 1999; Warm et al., 1996) . Such a dissociation may be based on Yeh and Wickens' (1988) finding that perceived mental workload is driven to a considerable extent by the demands imposed on working memory. Given that the auditory and visual tasks both required difficulty-equated absolute judgments (or successive-type judgments; see Davies & Parasuraman, 1982) and that signal duration discrimination is based upon common mechanisms for both audition and vision (Eijkman & Vendrik, 1965; Loeb et al., 1966; Warm et al., 1975) , the absence of modality effects on perceived workload may reflect the similar working memory demands of these tasks. A signal discrimination explanation of the modality component of the performance/workload dissociation implies that for the tasks employed herein, in which a common central processor and similar working memory demands were featured, the sensory channels used for stimulus presentation may not be differential factors in the workload of sustained attention. It remains to be determined, however, whether workload similarities in auditory and visual vigilance tasks extend to cases in which the perceptual dimensions involved are not homologous within channels, such as brightness and loudness (Eijkman & Vendrik, 1965) .
As is typical in vigilance experiments (Davies & Parasuraman, 1982) , the probability of signal detection in this study declined significantly over time. However, contrary to the earlier findings by Dember et al. (1993) , the temporal decline in performance was not accompanied by a rise in global workload over the course of the watch. As in the case of the sensory modality of signals, this additional performance/workload dissociation may also be related to the type of discriminations involved. A visual task requiring spatial discriminations with a scanning imperative was employed in the earlier investigation by Dember et al., whereas temporal discriminations, which did not feature a scanning imperative, were required herein. It is possible that the differing demands imposed by environmental scanning could have led to the temporal changes noted in the early study as compared with this one.
Although global workload scores in this study remained stable over time, a marked temporal change was observed with the Frustration subscale of the NASA-TLX: Frustration increased linearly over time. Dember et al. (1993) also observed a significant rise in frustration with time on task. A possible explanation for this effect may lie in the resource model of vigilance performance. Parasuraman and his associates (Davies & Parasuraman, 1982; Parasuraman et al., 1987) have argued that because of the participant's need to make continuous signal/noise discriminations, the performance decrement reflects the depletion of informationprocessing resources that cannot be replenished in the time available. This argument has been supported by the finding that cerebral blood flow declines over time in a manner paralleling the performance decrement (Hitchcock et al., 2003; Mayleben et al., 1998; Schnittger, Johannes, Arnavaz, & Munte, 1997) . In addition, Yeh and Wickens (1988) have suggested that the inability to summon resources leads to increased frustration. Hence the decrement in performance and the increment in frustration may originate from a common process: the decline of resource availability with time on watch.
Given such a temporally based change in the Frustration subscale, one might also wonder why there was no concomitant change in the global workload scores. Recall that the Frustration subscale is one of six independent subscales that contribute to global workload on the NASA-TLX. Thus its contribution to the temporal characteristics of the global score could have been vitiated by the stability of scores of the other five scales. Note that Dember et al. (1993) also reported that the Frustration subscale was the only one to show significant change over time. However, they observed a rise in global workload with time on task. Moreover, previous investigations have found that other workload manipulations in vigilance (e.g. event rate, signal saliency) influence the NASA-TLX subscales, demonstrating that these scales are sensitive to the effects of sustained attention (see Warm et al., 1996) . Therefore it is unlikely that the absence of time effects for global workload in this study was attributable solely to the dilution of these effects by the other five scales.
Along with the finding of increased frustration over time, Frustration and Mental Demand emerged as the principal contributors to workload in the present study. The latter outcome is consistent with that of many previous investigations, indicating that there may be a typical workload profile or signature that reflects the particular demands imposed by vigilance tasks (Warm et al., 1996) . According to Eggemeier and his associates (Eggemeier, Wilson, Kramer, & Damos, 1991; O'Donnell& Eggemeier, 1986) , diagnosticity, or the ability of a measure to provide information about component factors in workload, is an important property of workload assessment techniques. Given the findings regarding the gain in frustration over time and the roles of frustration and mental demand as the principal contributors to workload, the results of this study join those of several other vigilance studies in testifying to the ability of the NASA-TLX to meet the diagnosticity criterion.
Stress
The results with the DSSQ confirmed earlier findings that vigilance tasks are stressful. They also indicated that the subjective stress of sustained attention is multidimensional in character and tied to both the sensory modality of signals and time on watch. The multidimensional nature of stress was revealed by findings at both the coarse-grained and fine-grained levels of analysis, showing that observers' pattern of responding to participation in the vigil was not uniform across the scales of the DSSQ. At the coarse-grained level of analysis, the state changes suggested that observers were less task engaged (e.g., reduced Energetic Arousal scores) and more distressed (e.g., lower Hedonic Tone scores) after the vigil than prior to its start. However, participation in the vigil had little impact on scales linked to worry, with the exception of the Self-Esteem scale, which increased after the vigil for observers in all conditions. These results are generally consistent with those of prior studies using the DSSQ to assess the stress of sustained attention (Grier et al., 2004; Helton et al., 1999; Matthews et al., , 1999 Matthews et al., , 2001 Parsons et al., 2000; Temple et al., 2000) .
The influence of the sensory modality of signals and time on watch on observers' stress reports was revealed through the fine-grained analysis of the DSSQ scales. As in the case of the coarse-grained analysis, the fine-grained analysis revealed that the reports of stress were not uniform across scales. Some, such as the Energetic Arousal, Concentration, Self-Focused Attention, and Self-Esteem scales, showed no effects for modality or time over the course of the watch. Others, such as the Motivation and Hedonic Tone scales, were sensitive to modality but not to time. Loss of motivation and happiness were greater for the visual than for the auditory task. Still other scales -the Confidence and Control, Tense Arousal, Task-Related Cognitive Interference, and Task-Irrelevant Cognitive Interference scales -showed systematic change with time on watch. Moreover, in the case of the WflRiCIflAD AND STRESS IN VIGILANCE last three scales, the temporal effect was modified by stimulus modality. Clearly, stress changes are not uniform in their temporal microstructure, a result that was masked in the many earlier studies of the stress of sustained attention that focused only on previgil-postvigil differences.
The diffuse pattern of changes on the DSSQ scales to the stress of sustained attention tasks reaffirms the notion that stress states require multidimensional description (Hockey, 1984) . A key insight into task-induced stress is that operators actively regulate their handling of task demands in stressful environments by the use of different coping strategies (Lazarus & Folkman, 1984; Matthews, 2001; Stanton & Young, 2000) . Included are task-or problem-focused coping, in which behaviors are directed toward constructive action to change the stressful situation; emotionfocused coping, which is designed to regulate the emotional consequences of a stressful situation; and avoidance coping, through which operators divert attention away from the task. Apparently all three coping strategies were operative in the efforts of the present observers to come to terms with the stress of sustained attention, given that a decrease in task engagement, such as that noted in this study, implies a loss of problem-focused coping (Matthews & Campbell) , whereas an increase in distress implies use of emotion-focused and, to a lesser extent, avoidance coping styles .
The temporal microstructure of stress revealed by the fine-grained analysis may also be a consequence of changes in coping induced by task factors. Hence the temporal decline in confidence and control may reflect the inability of observers to generate task-focused strategies that successfully replenish their diminishing processing resources. As discussed earlier, the rise in frustration on the NASA-TLX may also result from this process.
The finding of modality-moderated changes over time in regard to the Tense Arousal scale and both cognitive interference scales may also reflect differences in the development of effective coping strategies. As Hancock and Warm (1989) and Matthews (2001) have pointed out, the implementation of coping strategies requires information-processing resources. The need to handle the disrupting physical symptoms uniquely associated with visual displays may serve to drain resources from the development of adaptive coping strategies in the visual modality. In contrast, observers in the auditory condition, who were presumably freer of these physical symptoms and attendant resource demands, were more successful in their efforts to cope with task stressors. However, it may have taken some time to formulate an effective coping strategy. The declines in distress (tense arousal) and worry (both types of cognitive interference) late in the vigil for those in the auditory group, which suggest a shift away from emotionfocused coping, indicate that by the end of the experimental session the vigilance task, although generally unpleasant and frustrating, was no longer personally threatening or disturbing to observers in the auditory condition (see Matthews et al., 1999 .
Conclusions and Implications
In sum, the results of this study indicate that the workload of vigilance is substantial, and they underscore the importance of assessing perceived workload as well as performance when designing systems that include tasks requiring sustained attention. Along that line, this study provides further evidence for the utility of analyzing the subscales of the NASA-TLX as well as global workload scores and strengthens the view that multidimensional assessment of perceived workload is essential in order to capture the complexity of task effects on operators.
The findings of this study confirm that sustained attention is stressful and that sensory and temporal components of the task have differing effects on the various components of the subjective stress response. The modality effect affirms that assessment of stress state in operational settings picks up information in addition to that provided by the workload index, which was not influenced by display modality. Thus even shortduration tasks may provoke stress reactions that are potentially harmful to performance (see Matthews, 2001 ). However, in general, using the auditory channel reduces the stress of vigilance relative to a visual task, as far as the Distress scales (e.g., tense arousal) and Worry scales (e.g., cognitive interference) are concerned, provided that task duration is sufficient for recovery in the auditory channel late in the vigil.
The sensitivity of the stress response to psychophysical properties of the task implies that vigilance tasks may be intrinsically stressful, and so adverse reactions will generalize to realworld settings. At the same time, the dependence of response on coping strategy implies that the operator has some voluntary control over the stress response. Hence, in realworld settings, there are several possible techniques for alleviating stress associated with sustained attention. First, displays may be designed to reduce stress, taking into account the duration of the work period: Auditory presentation may be beneficial for longer task durations. Second, macroergonomic interventions that raise employee morale and interest in the task may be beneficial; found that job perceptions correlated with job stress state during performance. Third, explicit training in coping strategies that maintain engagement, and that minimize distress and worry, may be useful.
